Abstrucf-A harmonic injection technique, which reduces the kine frequency harmonics of the single switch three-phase boost rectifier, is implemented. In this method, a periodic voltage is injected in the control circuit to vary the duty cycle of the rectifier switch -within a line cycle so that the fifth-order harmonic of the input current is reduced to meet the total harmonic distortion (THD) requirement. Since the injected voltage signal, which is proportional to the inverted ac component of the rectified three-phase line-to-line input voltages is employed; the injected duty cycle variations are naturally synchronized with the threephase line-to-neutral input voltages.
INTRODUCTION
In most power electronics applications, diode rectifiers are commonly used in the front end of a power converter as an interface with the electric utility.
The rectifiers are nonlinear in nature and, consequently, generate harmonic currents into the ac power source. The nonlinear operation of the diode rectifiers causes highly distorted input current. The non-sinusoidal shape of the input current drawn by the rectifiers causes a number of problems in the sensitive electronic equipment and in the power distribution network. The disturted input current flowing through the system produces distorted voltages at the input of the common coupling. Thus, the increased harmonic currents result in increasing volt-ampere ratings of the utility equipment, such as 'generators, transmission lines, and transformers. In addition to the inefficient use of electric energy, the discontinuous conduction of the bridge rectifier results in a high total harmonic distortion (THD) in the input lines and can lead to malhnctioning of the sensitive electronic equipment.
The recommended practice, IEEEJ 19, and IEC 1000-3 have evolved to maintain utility power quality at acceptable levels. In order to meet IEEE-519 and IEC 1000-3, a cost effective and economical solution to mitigate harmonics generated by power electronic equipment is currently of high interest. One approach is to use three single-phase power factor corrected rectifiers in cascade [I 1. The main advantage of this configuration is that a well-known single-phase power factor correction (PFC) technique can be used in three-phase applications. However, this approach suffers from several disadvantages, which include cascading three single-phase PFC circuits requires the use of additional diodes, increased component count, and complicated input synchronization logic. Therefore, it is clear that lower cost three-phase PFC circuits are required for high power processing.
Amongst the three-phase ac-to-dc rectifiers, boost type topologies are frequently used because of continuous input currents and high output voltages. Basically, two topologies are most popular: a sixswitches full-bridge boost rectifier and a single switch boost rectifier. The first one uses six switches io achieve sinusoidal input current control and to share the output power, resulting in features, which include continuous input current, excellent power factor, and low switch current rating 12-41. However, this circuit is very complicated in power stage and control, making it too expensive for medium power level (5kw-1Okw) applications. The second one uses six diodes and one switch to control input-currents and output power as depicted in Figure 1 [5-61.. Since these rectifiers have a single switch and perform input current wave-shaping naturally, without a need for a complex control circuitry, they are very suitable for the low cost power three-phase ac-dc applications. In addition, they can achieve extremely .high efficiencies because the reverse-recovery-related losses of the boost diode are eliminated. However, if a discontinuous conduction mode (DCM) PWM boost rectifier is implemented with the conventional constant frequency low bandwidth output voltage feed back control, which keeps the duty cycle of the switch constant during a . rectified line period, the rectifier input current exhibits a relatively large fifth-order harmonic. As previous studies have shouli, the distortion level depends on the ratio of,the output voltage to the input line voltage. If for example, the output voltage is 720 V and the input phase voltage 230 V, the maximum power of the conveder must be limited to about 4.5 kW in order to keep input current harmonics under the limits set by IEC 1000-3. Although increasing the output voltage would permit higher maximal power, it is not practical considering the voltage handling capability of commercially available high frequency power semiconductor devices (MOSFET's and IGBT's).
TO alleviate this problem to some extent, different modulation techniques have been proposed to reduce the harmonic distortion of the input currents without increasing the output .voltage beyond practical levels. The first approach proposed to improve the harmonic distortion of the input currents' involved operating the single switch boost rectifier in the critical mode 17-83, To do this, the power switch must be tumet on at the insfant at which the boost diode current reaches zero, As a result, the switching frequency becomes variable, and the effective duty cycle modulation over the line cycle results in reduced THD of the &put currents. The drawback of operating the discontinuous conduction mode (DCM) boost rectifier in the critical mode is the wide range switching frequency variation that depends upon both load and.inpuf voltage limits. Another approach for improving the THD of the input currents involves ,controlling to a constant level the average current in the boost diode [46], In order to keep the average curxent constant through the boost diode, the duty cycle must be modulated over the line cycle, resulting in an improved input current waveform. The drawback of t h~s methodis the extra c k e n t sensor required to control the average boost diode current.
A simple technique that can be used to reduce the harmonic distortion of the input current is the so-called harmonic injection method [9-111. The principles for achieving optimal harmonic injection are described in 191. The injected signal modifies the duty cycle of the rectifier switch so that the fifth-order harmonic of the input current and the overall THD's are reduced to meet the IEC1000-3 requirement. However, if the phase of the injected signal is not well synchronized with the fifth-order harmonic of the, input current, the expected reduction of the fifth-order harmonic and the improvement of the THD's cannot be achieved.
In this paper, a low cost harmonic injection method for single switch three-phase DCM boost rectifier and its implementation are presented. To reduce the fifth-order harmonic and improve THD's of the rectifier input currents, a periodic voltage signal, which utilizes the voltage ripple of the rectifier output voltage is injected to modify the duty cycle of the rectifier within line cycle. The injected voltage signal is proportional to the ac component of the rectified three-phase line-to-line input voltages. As a result, the injected signal is naturally synchronized with the threephase line-to-neutral input voltages. Moreover, the closed loop feedback control of the DCM boost rectifier is not affected by the proposed open loop harmonic injection method.
CONVERTER OPERATION
The converter circuit is depicted in fig. 1 . The principle can be easily understood by assuming first that the rectifier operates in DCM, and the switch S is operated at constant switching frequency V;r, with a fixed duty ratio. Since the boost rectifier is operated in DCM with constant frequency and constant duty cycle, all three-phase currents io, ib, z , are zero at the end of a switching period immediately before boost switch S is turned on. Four operating stages can be identified in a switching period as shown in Figure 2 . In the first operating stage, the power switch is tumed on to linearly charge the input inductors according to the phase voltage that is applied across each one. In the second operating stage, the power switch is turned off to reset the inductors, the inductor with the lowest peak current reset first. In the third operating stage, the two remaining inductor currents are reset to zero at the same rate. Once the reset interval has finished, the output load is supplied by the energy stored in the output capacitor until the next switching period restart. Where d(Q is the modulated duty cyc1e;D is the duty cycle in the absence of the modulation, and m is the modulation index.
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The block diagram of the control circuit for the converter is shown in Figure 4 . A three-phase bridge rectifier followed by band-pass filter is used to generate the sixth-order harmonic and a multiplier is used to modify the amplitude of the sixth-order harmonic by the modulation index. The modulated signal is applied as the control input to a pulse width modulator. In this control scheme, the PWM signal is obtained by monitoring the rectified input voltage and the dc output voltage only the control circuit. There is no need to monitor the current as the case of continuous mode of operation. Since the boost circuit works in discontinuous conduction mode (DCM), stability is not a problem.
The converter has been tested with the following parameters:
Input: prototype, an lGBT (IRG4PCSOKD) is used as the main switch; the input bridge is constructed with MUR1560 ultra fast recovery diodes, and DSEI60-1 OA is the output diode. Figure 5 shows the pre-filtered Iine current of phase A, which contains high frequency components. It can be seen that the current always starts at zero during each switching period and its peak value takes the envelope of the phase voltage and in phase with it.
Therefore, it is clear that the boost converter is well operating in discontinuous current mode (DCM) with the designed values of boost inductors. Figure 6 and 7 show the input current and its phase voltage without and with injection respectively. Figure 8 and 9 show the harmonic spectrum of converter input current before and after injection. From the spectrum it can be seen that the fifth-order harmonic is the dominant . order. By using the injection approach the fifth order harmonic is reduced the total harmonic distortion (TDH) is improved although the seventh-order is increased. Figure I O and 11 show the three-phase currents and voltages together, before and after injection. 
rv. CONCLUSION
In this paper, a low cost: harmonic injection method for single switch three-phase discontinuous conduction current mode boost rectifiers is implemented. In this method, a periodic voltage, which is proportional to the inverted ac component of the rectified three-phase input voltages is injected in the control circuit to vary the duty'cycle of the rectifier switch witlun a line cycle so that the fifth-order harmonic is reduced so that the THD in single switch rectifier is improved, specially for lower M values.
Moreover, the injected duty cycle variations are naturally synchronized with the Lhree-phase line-toneutral input voltages without using expensive phasedetecting and phase-looking circuits. From the results of analysis and experimental prototype, it can be concluded that: to meet the THD 4 0 % requirement, the rectifier voltage gain M can be designed down to V.
